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Abstract 

We report magnetostatic measurements for granulated films (CoFeB)a;-(Si02)i-i; with fabrication 
induced intraplanar anisotropy. The measurements have been performed in the film plane in the 
wide temperature interval 4.5^300 K. They demonstrate that above films have low-temperature 
anomaly below the percolation threshold for conductivity. The essence of the above peculiarity 
is that below 100 K the temperature dependence of coercive field for magnetization along easy 
direction deviates strongly from Neel-Brown law. At temperature lowering, the sharp increase of 
coercivity is observed, accompanied by the appearance of coercive field for magnetization along 
hard direction in the film plane. We establish that observed effect is related to the properties of 
individual ferromagnetic granules. The effect weakens as granules merge into conglomerates at x 
higher then percolation threshold and disappears completely at a; > 1. We explain the above effect 
as a consequence of the difference in thermal expansion coefficients of granule and cover material. 
At temperature lowering this difference weakens the envelopment of an individual granule by the 
cover matrix material, thus permitting to realize the spontaneous magnetostriction of a granule. 
The latter induces an additional anisotropy with new easy axis of a granule magnetization along the 
external magnetic field direction. Our explanation is tested and corroborated by the ferromagnetic 
resonance measurements in the films at T = 300 K and T = 77 K. 

PACS numbers: 75.75.-|-a, 75.80.+q, 75.60.d,76.50.+g, 75.20.g 

Keywords: superparamagnetic state, nanogranular films, magnetostriction, coercivity, magnetic resonance 
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I. INTRODUCTION 



The nanogranulated ferromagnets are composite materials, consisting of ferromagnetic 
granules embedded in nonmagnetic matrix. The average granules size in such composites 
(below conductivity percolation threshold) lies in nanometric range. The granulated struc- 
tures have high magnetization and magnetization reversal speed. The matrix material can 
be either non-magnetic metal or dielectric. In the latter case, the structures have high re- 
sistivity and demonstrate magnetoresistance which makes these structures to be promising 
as magnetic sensors. The typical representatives of this class of materials are granulated 
ferromagnetic films (CoFeB)2.-(Si02)i-2r'^'^'^. In such systems, giant magnetoresistance is 
observed at x below percolation threshold^, the anisotropic magnetoresistance is observed 
above this threshold^ and their joint manifestation occurs close to the threshold^, making 
these films to be promising as magnetoresistive sensors. 

The majority of studies of above composites are related to their high-frequency and mag- 
netotransport properties at room temperature as their possible applications are expected 
in latter temperature range. Nevertheless, their low-temperature magnetostatic investiga- 
tions can be also interesting, although they are poorly represented in a literature. The 
number of low-temperature studies has been devoted to the effect of intergranular magnetic 
interactions and corresponding correlation of granules magnetic moments directions below 
certain temperature. The great deal of available low-temperature studies of nanogranulated 
films is devoted to the effects of blocking of thermoactivated magnetization reorientation 
in monodomain ferromagnetic granules. Latter effects generate the temperature depen- 
dence of films coercive field and remnant magnetization, which is a bit different for different 
types of magnetic anisotropy. The discussion of temperature dependence of films coer- 
cive field and remnant magnetization, unrelated to the above blocking is almost absent in 
a literature. In particular, to the best of our knowledge, there are no papers discussing 
the low-temperature manifestations of magnetoelastic interactions in magnetostatic and/or 
magnetoresonant properties of granulated ferromagnetic films. Actually, there is quite small 
number of papers devoted to the magnetoelastic properties of the above films. We think 
that this is related to the fact, that according to Ref. [s], the magnetoelastic effects in a 
composite are much weaker then those in a bulk ferromagnet. Below we show that in spite 
of the above, the magnetoelastic effects can generate nontrivial low-temperature anomalies 
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in the physical properties of nanogranulated ferromagnetic films. 

In the granular films ((CoFeB)3;-(Si02)i-x, which will be considered below, the uniaxial 
intraplanar anisotropy in the film plane appears in the process of fabrication. This anisotropy 
is the same for each granule and conserves below percolation threshold. Also, the fabrica- 
tion technology permits to obtain very small dispersion of granule sizes. This means that 
below percolation threshold such granular system can be considered as an easy-axis oriented 
ensemble of Stoner-Wolfarth (SW) particles^. According to Neel-Brown law^°, for such en- 
semble, the coercive field depends on temperature as a square root for magnetization along 
the easy axis: 



H^{T)=HM{l-^JT/Trl (1) 

where 



.NB K-V , „ 2K 



/cln(t-/o) rugr 

Here T is a temperature, K is the anisotropy constant, is a particle volume, rUgr is its 
magnetization, k is Boltzmann constant, t is a measuring time, /o is a factor characterizing 
the attempt frequency in Arrhenius law (the usual range here is 10*^ lO^^s"^), T^^ is so- 
called blocking temperature. Latter quantity is a boundary between temperature range T < 
T^^ , where the state of the granules ensemble is metastable (blocked) during measurement 
time t with respect to thermally activated reorientations of granules magnetic moments 
and T > Tj^^, where the system is in equilibrium (unblocked) state. For a magnetization 
of oriented SW particles ensemble along hard direction the coercivity should be absent. 
Note that Eq{T] is derived in the framework of hypothetical relaxational model and does 
not describe precisely the concept of measuring time used in magnetostatic experiments. 
Also, this equation is obtained in low-temperature approach. It does not work well in the 
temperature range close to T^^, see Refs. for details. However, in spite of these 

drawbacks, in the majority of cases it is suitable for determination of the anisotropy field 
Ha and blocking temperatures from the dependencies HdT). 

Several remarks are in place here. Namely, the temperature dependence of granules 
saturation magnetization can modify dependence ([1]). One of the ways to consider such 



modification has been suggested in Ref. 



13l . The modification of dependence ([T]) can also 
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be related to the temperature dependence of the magnetic anisotropy constant of granules 
material. The other remark is that the approach of SW particles ensemble is invalid for 
the case of sufficiently strong interparticle magnetic interaction. In this case, the char- 
acter of magnetization curves can alter substantially. Namely, the coercivity, related to 
"superferromagnetic"~ or " superspinglass" states can appear. 

In the present paper, we report the results of magnetostatic measurements for series of 
nanogranulated films {CoFeB)^ — {Si02)i~.x with different x in the wide temperature range 
from those close to T^^^ till substantially lower ones (from 300 K till 4.5 K). The measure- 
ments are performed for magnetization in the film plane along both easy and hard (in the 
plane) magnetization directions. We will show that at T < lOOK the dependence Hc{T) for 
magnetization along easy direction deviates strongly from Neel-Brown law. At temperature 
lowering, the sharp increase of coercivity along easy direction is observed, accompanied by 
the appearance of coercive field for magnetization along hard direction in the film plane. 
The similar to this low-temperature behavior has not been described in the literature earlier. 
We explain this behavior as a manifestation of magnetoelasticity of ferromagnetic granules 
under change of their envelopment by matrix material at temperature variations. In other 
words, we explain such behavior as a consequence of granulated structure of such films. This 
hypothesis will be checked by ferromagnetic resonance (FMR) measurements in these films. 



II. EXPERIMENTAL DETAILS 



The granulated ferromagnetic films (Coo.25-Feo.66-Bo.o9)x — {Si02)i-x on glassy substrate 
were grown in the University of Sojo (Japan) by the method of magnetron sputtering of 
magnetic and nonmagnetic components on substrate, secured on the rotated and cooled 
drum. As a result, the interplanar uniaxial anisotropy has been induced in the film plane. 
The films thickness is about 500 nm. The details of above technology can be found in 



Ref. 



id The results of x-ray studies^ show that the fabricated films have amorphous ferro- 



magnetic granules with almost spherical shape. The magnetostatic measurements have been 
carried out on the vibrating sample magnetometer LDJ-9500. The cryostat with tempera- 
ture stabilisation on the base of gaseous He blow into the working cavity have been used for 
investigations in the temperature interval 4.5 < T < 295 K. The accuracy of temperature 
stabilization was ±1 . The FMR measurements at T = 295 and 77 K have been carried out 
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on the X-band radiospectrometers RADIOPAN SE/X-2544 and Bruker - E 500 CW. The 
FMR measurements under controlled uniaxial film compression along with substrate in its 
plane have been carried out at room temperature (T = 295 K) only. The compression has 
been carried out by a special device for pressure creation^^. The films with x both above 
and below percolation threshold have been studied. The film with x ^ 1 has also been 
investigated, both on the substrate and without it. 

III. THE RESULTS OF MAGNETOSTATIC MEASUREMENTS 

The results of magnetostatic measurements for the sample with x = 0.55 along easy 
(curve 1) and hard (curve 2) directions in the film plane at T = 295 K are reported on Fig. 
[U It is seen, that there is a hysteresis along easy direction with almost 100% remanent 
magnetization, while there is no hysteresis with almost linear magnetic field dependence of 
magnetization along hard direction. Latter curve has a cusp at magnetic field H = Ha = 
87 ± 5 Oe. At —Ha > H and H > Ha the magnetization curve saturates. This behavior 
is typical for ensemble of easy-axis oriented monodomain granules. Thus, the film can be 
considered as an ensemble of oriented SW particles. From the measurements at different 
temperatures, we have determined that the saturation magnetization value does not change 
in the wide temperature interval 4.5 < T < 300 K. The effect of giant magnetoresistance has 
also been observed in this film. The magnetoresistance is independent of mutual orientation 
of magnetic field H and measuring current. This means that this film consists of metallic 
granules, isolated from each other by dielectric layer, i.e. granules concentration x in the 
film lies below percolation threshold. 

As it has already been mentioned in the Section [H the dependence Hc{T) for the above 
system at T < T^^ should have square root character for the magnetization along easy 
axis. Its extrapolation to T — > (point of intersection with ordinate axis) determines Ha, 
while the extrapolation to He ^ (point of intersection with abscissa axis) - T^^. The 
anisotropy field Ha, obtained by the above extrapolation procedure, should correspond to 
that obtained from magnetostatic measurements along hard direction in the plane. 

The dependence Hc{T) for measurements along easy direction in the film plane is depicted 
in the square root temperature scale on Fig. [2|i (curve 1). It is seen that this dependence 
can be described by Neel-Brown law in the temperature range 100 -f- 295 K. In this interval. 
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FIG. 1: The magnetization curves for the sample with x = 0.55 at = 300 K. Curve 1 corresponds 
to easy direction , curve 2 to hard direction in the film plane. 

the above extrapolation procedure determines the anisotropy field = 90 ± 5 Oe, close 
to that obtained from measurements along hard direction at T = 295 K (see Fig. [1]). The 
blocking temperature T^, obtained from the extrapolation procedure for above sample, turns 
out to be Tb = T^^ = 376 ± 5 K. The magnetostatic measurements^, fulfilled up to higher 
temperatures (~ 500 K) corroborated the latter Tf, value. At temperature lowering below 
100 K the coercive field growth becomes more intensive so that dependence Hc{T) deviates 
from Eq. ([T]) with above values and Hc{0) = Ha, giving coercive field He ~ 200 Oe at 
= 4.5 (Fig. Eb, curve 1). 

More surprisingly, for the measurements along hard (in the film plane) direction at < 100 
K the magnetization curves modify drastically. They are no more typical for an ensemble 
of oriented SW particles, magnetized along hard direction. Namely, instead of linear an- 
hysteretic magnetization curve at > 100 K (see curve 2 on Fig. [1]), one can observe hard 
hysteretic curve with almost 100% remanence (Fig. [2b, curve 2 for T = 4.5 K). We note 
here, that Neel-Brown model does not imply the above modification of magnetization curves 
with temperature lowering. 

The curve 3 on Fig. [2^ reports the difference of curves 1 and 2 (from the same figure), 
showing Hc{T) for magnetization along easy and hard directions respectively. It turns out, 
that just the difference of curves 1 and 2 satisfies the Neel-Brown law down to T — K. 
Moreover, its extrapolation to = gives Ha which is close to that from curve 2 of Fig. [H 
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FIG. 2: Panel a)- temperature dependences of coercive field for the sample with x = 0.55. Curve 
1 corresponds to the measurements along easy axis; curve 2 - along hard axis in the film plane, 
curve 3 is a difference between curves 1 and 2. Full straight line gives an extrapolation of curve 3. 
Panel b) - magnetization curves at = 4.5 along easy (curve 1) and hard (curve 2) directions in 
the film plane. 

obtained at T = 295 > 100 K or from extrapolation to T = K of linear part of curve 1 on 
Fig. Ell, obtained at T > 100 K. 

The observed effect is not peculiar to the only one film with x = 0.55. The same mea- 
surements for the sample with little larger ferromagnetic component content {x = 0.60) give 
the similar result (see Fig. [3]). For latter sample, the blocking temperature is somewhat 
higher {Th = 440 K), that can be explained by a bit larger granules size. The anisotropy 
field Ha for latter sample is a little smaller then that for the sample with x = 0.55. The rest 
of features of magnetization curves for the sample with x = 0.60 have the same tendency as 
those for the sample with x = 0.55. 

The peculiarity of the sample with x = 0.70 is that its magnetic component content is 
higher then percolation threshold so that the part of granules form the continuous conducting 
channels. That is why in this sample, contrary to two previous samples, the mixture of 
giant and anisotropic magnetoresistances is observed. The latter fact means that the part 
of granules is still electrically isolated and these granules take the same part in conductivity 
as those in continuous conducting channels. It is reasonably to suppose that in this sample 
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FIG. 3: Temperature dependences of coercive field for the sample with x = 0.60. Curves 1-3 and 
full straight line are similar to those in Figl2j Inset shows the magnetization curve for hard (in the 
film plane) direction magnetization at T = 295 K. 

both "conductivity percolation" and "magnetic percolation" take place. Latter kind of 
percolation means that the directions of magnetic moments of neighboring granules are no 
more independent, but they are rather correlated due to intergranular spin-spin interaction 
or dipole scattering fields. The dependencies Hc{T) for easy and hard (in the film plane) 
directions do not have features observed in the samples with x = 0.55 and x = 0.60. This is 
clear since the percolated (primarily "magnetically percolated") sample cannot be described 
by Neel - Brown theory as an ensemble of noninteracting SW particles. 

Despite that, at low temperatures, the coercive field along hard (in the film plane) di- 
rection appears also (see curve 2 on Fig. Hj), although its value is much smaller then that 
for the films with x = 0.55 and x = 0.60. The value of remanent magnetization for this 
direction at T = 4.5 K, which equals to around 40% of saturation magnetization, permits 
us to conclude that the same percentage of ferromagnetic component in the sample is left as 
isolated granules. These granules are indeed responsible, similar to above cases of x = 0.55 
and X = 0.60, for discussed low-temperature anomaly. The confirmation of this conclusion is 
the fact that in the samples with even higher (higher then x = 0.70) concentrations (actually 
up to x — ^ 1), there is no coercivity along hard (in a plane) direction and no anomalous 
growth of coercivity along easy direction up to T = 4.5 K. The entire magnetization curve 
for such samples does not alter at lowering temperature. 
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FIG. 4: The magnetization curves for the sample with x = 0.70 at T = 4.5 K. Curve 1 corresponds 
to easy direction, curve 2 to hard direction in the film plane. 

Thus, the fulfilled complex of magnetostatic measurements permits to conclude that 
above anomalous low-temperature effect in coercivity is observed in the samples below and 
close to percolation threshold, i.e. it is related to the properties of isolated granules. 

IV. DISCUSSION AND POSSIBLE MODEL 

The first suggestion about possible physical reason of observed low-temperature anomaly 
was that the properties of magnetic material alter with temperature lowering. However, as 
it has already been mentioned above, this effect is substantially weakened in the films with 
X higher then percolation threshold and completely disappears in a film with x ^ 1. We 
consider this concentrational behavior to be the main argument in the discussion of possible 
physical reasons of the above low-temperature anomaly. Namely, it makes us to conclude, 
that this effect is not a property of granules ferromagnetic material. One can also suppose 
that the partial "decoherence" of granules easy axes (due to certain technological details) in a 
plane occurs at low temperatures. This might lead to the appearance of coercivity along hard 
direction. But such "decoherence" yield the lowering of remanent magnetization. However, 
it is seen from Fig. [2b that hysteresis loops have 100% remanence for both above directions 
at T = 4.5 K, which is possible only in the case when a magnetic field is parallel to the easy 
axes of all (or almost all) granules. 
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Since Neel-Brown law is still valid for difference curve Hc{T), we might suppose that 
at temperature lowering an additional anisotropy appears. This hypothetical anisotropy 
should be induced both along easy direction, giving rise to deviations from Neel-Brown law 
and along hard direction, yielding the appearance of coercivity. In this case, the initial 
technological anisotropy (with easy and hard directions in a film plane), responsible for the 
shape of magnetization curves for nonpercolated films at T > 100 K, is conserved, yielding 
the observed temperature dependence of difference curve, following Neel-Brown law. To 
check this, we have carried out the calculations of hysteresis loops by recursive methoc^^ 
for various cases of joint action of different contributions into granules magnetic anisotropy. 
First contribution was uniaxial and proportional to K ■ si'n?{9 — 9q) with fixed direction of 
^0 axis and old constant K value ("old" anisotropy). Second contribution had temperature 
dependent anisotropy constant and random axes orientation. Namely, we have considered 
"randomly oriented" uniaxial anisotropy of K^and ■ siTn?{0 — Orand) type, uniaxial anisotropy 
of Krand ' sin^{6 — 6 rand) typ© and cubic anisotropy both with fixed and randomly oriented 
directions of its main axes. These calculations have not given the behavior of hysteretic 
curves, even qualitatively corresponding to those observed experimentally. To achieve such 
correspondence we need that easy axis of the additional anisotropy should always (at any 
magnetization direction in a film plane) be oriented along magnetic field direction. 

One of the possible ways of qualitative explanation of observed anomaly is a hypothesis 
about spontaneous granules magnetostriction generated in the magnetization direction at 
temperature lowering. The manifestations of such magnetostriction for magnets with spa- 
tially degenerate magnetic moment directions (like easy-plane ferro- and antiferromagnets) 



have been considered in Refs. 
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It has been shown there, that the above magne- 
tostriction generates anisotropy with easy axis, which is always oriented along magnetization 
direction and rotated at magnetization rotations. 

In our case, we should note that such possibility is absent for granules at high temper- 
atures since each of them is tightly enveloped by matrix material. It is possible that there 
exist only some part of "initial" spontaneous magnetostriction as granules easy axes are 
technologically oriented. This effect reveals as small intraplanar anisotropy. However, the 
thermal expansion coefficient of matrix material {Si02) is lower then that of metallic fer- 
romagnetic granule [CoFeB). This difference should yield the partial or complete release 
of granules from glassy matrix envelopment at temperature lowering and to the possibility 
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of magnetostriction. At granules concentration growth above percolation threshold, they 
will merge with each other so that for such large clusters the magnetostriction possibilities 
are limited by its mechanical coupling to substrate. The more lateral dimension has such 
cluster, the less magnetostriction possibilities it has. At a; 1 this mechanical coupling 
inhibits completely the possibility of intraplanar magnetostriction for such film. 

At high temperatures, when granules are clumped into glassy matrix, the pressure of 
this matrix compensates the pressure due to magnetostriction so that the granules remain 
without magnetostriction. At temperature lowering the granules release from the matrix 
clamping (envelopment) so that the spontaneous magnetostriction can not only appear, but 
reorient. Under magnetization along easy direction the anisotropy will enhance (as compared 
to "initial" case), while under magnetization along hard direction its axis will rotate towards 
the direction of granule magnetization vector. Therefore, if below some temperature the 
number of such "released granules" becomes sufficient, then under the magnetization along 
easy direction the magnetostrictive anisotropy will be added to shape anisotropy. In a hard 
direction, this effect leads to the compensation of shape anisotropy and to appearance of new 
easy axis of a granule along the direction of magnetic field. Latter causes the reorientation 
of magnetic moment and spontaneous magnetostriction axis so that the field direction is 
always "easy". 

For the discussed mechanism to realize, the relation between the time of granule sponta- 
neous magnetostriction reorientation (more precisely the time of elastic equilibrium estab- 
lishment in a granule at its magnetization reorientation) and the time of its magnetization 
thermal reorientations is important. The time of elastic equilibrium establishment in a gran- 
ule with respect to the value of sound velocity in its material (~ lO^cm/s) and its linear 
dimensions (~ 10~^cm) can be estimated as 10~^^s. The time of granule magnetization 
thermal reorientations should be of the same order as /q~^ value - inverse "attempts fre- 
quency" in Arrhenius law for thermally activated hops in a potential profile of magnetic 
particle energy (see, e.g. Ref. UM). Usual estimate for f^^ is 10^^ ^ lO^^^s. This estimation 
shows that the spontaneous magnetostriction reorientation of a particle can be faster then 
its magnetization thermal reorientation. In this case the anisotropy related to spontaneous 
magnetostriction will not stabilize (with respect to thermal fiuctuations) the direction of a 
granule magnetic moment so that our mechanism should not take place^^. One can suppose, 
however, that granules do not become completely free from matrix clamping at tempera- 
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ture lowering, in which case the time of granule spontaneous magnetostriction reorientation 
grows substantially and thermal fluctuations of magnetic moment will not alter the spon- 
taneous magnetostriction orientation. In other words, at flxed magnetic fleld orientation, 
the magnetic moment direction will be stabilized by induced magnetostrictive anisotropy 
along average (over thermal fluctuations) direction. At fleld output without it rotation, the 
direction of magnetic moment is stabilized by the above magnetostriction, induced in the 
magnetic fleld direction. At the input of a fleld of opposite direction, the magnetization 
reversal in such a system occurs abruptly under the influence of thermal hops over barrier 
due to above induced anisotropy. In other words, latter process is exactly similar to the 
magnetization reversal process at room temperature along easy direction. 

There is a question if the value of spontaneous magnetostriction in CoFeB alloy is suf- 
flcient to explain the above effect quantitatively. For above effect to realize it is necessary 
that the effective fleld of magnetostrictive anisotropy (which appears in the granules released 
from matrix clamping) reach the value not less then 100 120 Oe, which follows from Figj2l 
Naturally, latter should not be a fleld of the anisotropy of the forced magnetostriction in- 
duced by the applied magnetic fleld. Rather, it should be the anisotropy fleld of spontaneous 
magnetostriction, reorientable by the applied magnetic fleld. The estimates of anisotropy 
fleld, related to the spontaneous magnetostriction, performed in Ref. do not contradict 
the above value 100 -r 120 Oe. Unfortunately we do not have a data about spontaneous mag- 
netostrictive anisotropy in the alloy Coo.25-^eo.66-Bo.o95 although the alloy Coo.2i-^eo.64-Bo.i3^ 
has quite large magnetostrictive aspect ratio = 4.6 • 10~^ at its magnetization up to 
saturation. 

The temperature dependence of spontaneous magnetostrictive contribution to the 
anisotropy, which is always parallel to magnetization direction, is determined by two factors. 
First one is (temperature dependent) "degree of release" of granules from matrix clamping. 
Second one is (also temperature dependent) a probability of thermal reorientation of mag- 
netic moment, similar to that in the case of conventional SW particles anisotropy. 

Let us discuss now the modiflcation of magnetization curves for the measurements along 
hard (in a fllm plane) direction at temperature lowering. Fig. [5] reports the family of mag- 
netization curves (hysteresis loops) for the sample with x = 0.55. It is seen that for high 
temperatures the magnetization curves have anhysteretic character with linear dependence 
in the scale of anisotropy fleld. For T < 100 K the hysteresis appears and remanent magne- 
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FIG. 5: The set of magnetization curves for the sample with x = 0.55 for measurements along hard 
(in the film plane) direction. 

tization grows. The evolution of the above magnetization curves should be considered with 
respect to the fact, that for the samples with x = 0.55 and x = 0.60 the manifestations of 
intergranular interaction have been observed in Ref. 'is!. The latter can be well described 
in a mean field approximation (MFA) by addition of effective intergranular interaction field 
H^j-j'^ = A • M (A is an interaction parameter, M is an ensemble magnetization) to the 
external field H. If we consider the interaction, the anisotropy (stabilizing the magnetic 
moment direction in a small magnetic field) generates the coercivity. This coercivity is de- 
termined by stability limits of MFA equations^^. The anisotropy, related to spontaneous 
magnetostriction (if a possibility to rotate appears for this magnetostriction) can stabilize 
the magnetization in a direction, which earlier was hard. For latter direction, the shape of 
magnetization curves is also determined by the stability limits of a state with given mag- 
netic moment direction for 5— shaped MFA curve M{H). The shape of the curves from 
Fig. [5] does not contradict to above picture. It is seen that even at T = 4.5 K the curve 
M{H) is not absolutely hard. Rather, it has a smooth deflection (characteristic for MFA 
solutions) for magnetic moment direction along magnetic field (up to He) and sharp cusp 
after magnetization reversal. 
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FIG. 6: The set of FMR curves (the derivative of absorption curve) for the sample with x = 0.60 
at T = 295 K with gradual enhancement of substrate pressure. The pressure was applied along 
easy direction and the magnetic field - along hard (in the film plane) direction. 

V. VERIFICATION OF ABOVE MODEL BY FMR DATA 

Seeking for additional proofs of the presence of above magnetoelastic anisotropy, we 
measure the ferromagnetic resonance at T = 295 K magnetizing the sample with x = 0.60 
along hard (in a film plane) direction. In this experiment, the uniaxial compression has 
been applied to the sample along easy direction. The pressure was exerted not on the 
film itself but on a glassy substrate, on which the film has been sputtered. This means 
that the pressure data could not be immediately rendered into the coefficient of uniaxial 
compression of a film. But the experiment (see Fig. E]) shows the qualitative possibility of 
magnetoelastic anisotropy generation in a film. At the pressure enhancement the position 
of FMR line shifts towards smaller fields signifying the decay of initial uniaxial anisotropy 
(in a plane), directed perpendicular to the magnetic field or growth of anisotropy parallel 
to a magnetic field direction. After removal of pressure the FMR line returns to its initial 
position. It is seen from Fig. [6] that under pressure 220 MPa exerted on the substrate, the 
FMR line shifts downwards by 100 Oe. 

The FMR in granulated film had been studied many times both experimentally and 
theoretically. For instance, the FMR manifestations of granules and entire sample shape 
anisotropy for different factors of filling of a sample by granules have been considered in the 
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papers2ii2^. For granules concentrations, exceeding magnetic percolation threshold, the re- 
gions of inhomogeneous magnetization can appear in a film. In this case the FMR spectrum 
complicates^i. For the concentration below percolation threshold, the FMR spectrum can 
be described by the expressions of Kittel formula type with temperature-modified magne- 
tization. The latter quantity should be determined self-consistently by Langevin function 
of an argument containing resonant field. To the best of our knowledge, the temperature 
modification of granules anisotropy fields (do not related to their shape anisotropy) under 
thermally activated rotations of their magne tization has not been considered in a context of 



granulated films FMR neither in Refs. I24lj25l nor elsewhere in the literature. In our case the 
granules are amorphous and have almost spherical shape, while their planar anisotropy is 
correlated technologically. Thus we may suppose that there are two components of granules 
anisotropy, unrelated to anisotropy of their shape, namely Hao and Haip - the axial and intra- 
planar components of a film as a whole. Omitting here the unnecessary details, we suppose 
that the above components can be considered as some effective values, averaged over certain 
(characteristic for FMR) "measuring time" in a resonant field and a given temperature. This 
implies that FMR can be described by formulas of Kittel type with temperature-modified 
magnetization M and granules anisotropy fields Hae and Ha^p- The M value is determined 
from the equation M = f ■ Mgs ■ L{Vg ■ Mgs ■ Hi^/kT). Here / is a factor of bulk sample 
filling by granules, Vg is granule volume. Hi,, is internal (with respect to demagnetizing en- 
ergy) field in a film under resonant FMR field, Mgs is a granule saturation magnetization 
and L{x) is Langevin function. Values Hao and Ha^ should be proportional to Hae and 
Ha^ respectively. In general case they are temperature dependent. In the present paper we 
consider them as experimentally adjustable parameters. For the measurements along easy 
and hard directions in a film plane the equation, relating M, anisotropy fields and resonant 
external field H^^s on the microwave frequency uj reads 

=iHres±2Hap)-{Hres±Ha^+^nMeff), (3) 

where 7 is gyromagnetic ratio, AnMeff = 4:TrM{Hir,T) + Hae- The signs and "-" 
before terms with Ha^ correspond to the FMR measurements under magnetization along 
easy and hard directions in the film plane respectively. The variation of a resonant field under 
pressure (see Fig. [6]) occurs from Hres = 1080 Oe to Hres = 980 Oe. For our estimations 
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we use AirMeff ~ 9700 Gs (this is AttM value extracted from magnetization curves in a 
normal to film direction) or 8630 ± 50 Gs (value extracted from FMR measurements in 
the plane and along normal to a film at T = 295 K, see below). Also, we use (1-1^/7) ~ 
3200 H- 3100 Oe, which is the value extracted from experimental uj in FMR measurements in 
the plane and along normal to a film. Having above quantities, we obtain anisotropy field 
HaLp without pressure to be Ha^{P = 0) = 62 40 Oe, while at the substrate pressure 220 
MPa Haip{P = 220 MPa) = 10 H — 12 Oe. Hence the pressure, exerted on a film surface in 
the above configuration reduces the magnetic anisotropy several times or even alters it sign. 
This confirms the magnetoelastic nature of intraplanar anisotropy of the films considered 
and can be regarded as an argument in favor of our model of the low-temperature anomaly 
in the above intraplanar anisotropy. 

One more examination of our idea of magnetoelastic origin of intraplanar anisotropy of 
the films under consideration has been performed in the film with x — > 1, corresponding to 
almost continuous FeCoB film. This film with around 500 nm thickness, sputtered on glassy 
substrate, also demonstrates intraplanar 180-degree anisotropy for the field, lying in the film 
plane. We have prudently separated it from a substrate, thus obtaining a free FeCoB film. 
For this film, the angular dependence of FMR line (at magnetic field rotation in the plane 
of a film) does not show the 180-degree anisotropy. This means that the above anisotropy 
is due to a uniaxial intraplanar strain, which appears in the process of film growth, i.e. it 
has magnetoelastic nature. 

The aforementioned experiments prove the importance of magnetoelastic interactions in 
the properties of the films (Coo.25-Feo.66-Bo.o9)x — {Si02)i-x- However, they do not give direct 
evidence that observed low-temperature anomaly in a magnetic anisotropy of these films is 
related to the spontaneous granules magnetostriction. It follows from the papers^^i^i^ that 
the anisotropy (which is always directed along magnetization vector) arising from spon- 
taneous magnetostriction, should be manifested in FMR. The equations, obtained in Ref. 
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for the expected (due to above anisotropy) FMR line shifts for different magnetic field 
(relatively to film) orientations cannot be applied directly to nanogranulated films FMR. 
But these equations permit to make an important conclusion. Namely, in any case the ad- 
ditional (due to spontaneous magnetostriction) contribution to anisotropy makes arbitrary 
magnetization direction to be "easy", i.e. it shifts the FMR line towards lower fields as 
compared to its position without spontaneous magnetostriction. If in our case at T < 100 
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FIG. 7: The angular dependences of FMR line maximum position in the film with x = 0.60 at 
T = 295 and 77 K. The experimental error corresponds to symbol size and equals to ±7 Oe. 

K the spontaneous magnetostriction is present, then the above shift should take place. To 
check that, we measure FMR in the film with x = 0.60 in X-range of microwave frequencies 
and at T = 295 and 77 K. Namely, we have measured the angular dependences of FMR 
lines under rotation of a magnetic field in a film plane {ip - dependences at 9 = 7r/2) and 
out of it {6 - dependences at fixed if). Here if is the angle (in a film plane) between easy 
magnetization and magnetic field directions and 6 is the angle between field direction and 
normal to the film. FMR 6 - dependences have been measured on the spectrometer Bruker 
E 500 CW. 

Fig. [7] reports (p - dependences of FMR line maximum position at 6 = 7i/2 in the 
film with X = 0.60 for T = 295 and 77 K. The measurements for both temperatures have 
been performed for the same resonant frequency 9050 MHz. The error in line maxima 
determination corresponds to symbol size in Fig. [7] and equals to ±7 Oe. It is seen that 
FMR line at T = 77 K shifts substantially to lower fields for all angles (p as compared to its 
position at T = 295 K. The span of angular dependence is a little larger, corresponding to 
growth of realized intragranular anisotropy field Haip- 

At temperature variation, the shift of ip - dependence at 6 = 7i/2 can be related to the 
dependence 47rMe//(T). As it was mentioned above, the saturation magnetization of a film, 
extracted from magnetostatic measurements, does not alter with temperature in the region 
4.5 < T < 295 K. But the temperature dependence 47rMe//(T) can be due to the dependence 
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Hae{T). 



FMR 6 - dependences have been measured on the microwave frequency 9169 MHz. The 
maxima of hues for = were found to be at Hres = 11817 ± 20 and 13462 ± 20 Oe at 
T = 295 and 77 K respectively. In the approach, similar to that for Eq. ([3]), the equation 
for Hres{0 = 0) has the form: 



It is obvious, that parameters M{Hir,T) and Haip{Hir,T) at fixed temperatures can be 
slightly different from those in Eq. ([3]) since they should be taken for the internal fields in 
a sample corresponding to external resonant field. But the latter fields differ by order of 
magnitude for 6 = 7t/2 and arbitrary if and for = 0. However, it follows from magnetostatic 
measurements (see Figs. [T]|l]) that for magnetization in a film plane {6 = 7r/2) the film 
magnetization saturates beginning from H = 300 400 Oe so that it is already saturated 
for FMR resonant fields and arbitrary (p. This suggests that we can neglect the difference 
between M{Hir) and Ha,p{Hir) at the same temperature but in different resonant fields, 
corresponding (on one side) to = 7r/2 and arbitrary (f and 6 = on the other side. In this 
case, the joint solution of Eqs. ([3]) for = and 7r/2 as well as Eq.(j4]) with known resonant 
fields and measuring frequencies at T = 295 K gives us 7 = 1.8376 ■ 10'' rad • s^^ ■ Oe~^, 
which corresponds to ^-factor 2.0872, 47rMe//(T = 295K) = 8630 ± 50 Gs and Ha^{T = 
295K) = 39 ± 3 Oe. The substitution of obtained 7 into similar equations set for T = 77 
K does not permit to match the obtained resonant fields at = 7r/2 at any ip on one side 
and for 6 = on the other side. To match, we should either have Hres{d = 0) by 230 
Oe higher then observed value or ip dependence curve at = 7r/2 should go 16 Oe higher. 
These discrepancies exceed experimental error. Hence, FMR lines at T = 77 K (either all 
for ^ = and 6 = 7i/2 or only (p dependence at 6 = 7r/2) are shifted to lower fields as 
compared to their expected (from Eqs. Q and (jl])) positions. This coincides qualitatively 
with supposition about the manifestation of spontaneous magnetostriction contribution into 
granules anisotropy at T = 77 K. We hope that FMR measurements at lower temperatures 
would give more convincing evidence in favor of above supposition. 



If we ignore the above discrepancy in the equations solutions at T = 295 and 77 K, we 
can find 47rMe//(T = 77K) = 10560 ± 50 Gs and Ha^iT = 77K) = 46.5± 4 Oe. 
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VI. CONCLUSIONS 



We observe the effect of anomalous growth of coercive field for nanogranulated films 
((^00.25-^ 60.66-60.09)0; ~ {Si02)i-x at low temperatures. To the best of our knowledge of liter- 
ature, this effect has not been observed earlier. We also do not know any earlier explanation 
of above anomalous phenomenon in terms of magnetoelasticity with temperature variation 
of granule-matrix elastic coupling. The most important conclusions are following: 

i) For granulated films Coo.25-^ 60.66-60.09)0; — {Si02)i-x with intraplanar anisotropy for 
X below percolation threshold the temperature dependence of coercive field for the mea- 
surements in a film plane along direction of easy magnetization in the temperature range 
100 < T < 300 K is well described by Neel-Brown law. At T < 100 the sharp deviation 
of Hc{T) from Neel - Brown law is observed. This deviation consists in faster temperature 
growth of H(.{T) with temperature lowering. Simultaneously, the coercivity appears along 
hard (in the film plane) direction, which grows with temperature lowering. In this case, 
the difference curve of Hc{T) dependences along hard and easy directions continues to sat- 
isfy Neel-Brown law. This means the appearance of additional (to the previously existing 
intraplanar one) anisotropy reorienting together with external magnetic field direction. At 
T = 4.5 K the hysteretic curves have almost 100% remanence both along hard (in the plane) 
and easy magnetization directions. 

ii) Our measurements for the set of samples with different x show that above low- 
temperature anomaly is decreased down to the complete vanishing in the samples with 
X substantially exceeding the percolation (relatively to conductivity) threshold. Hence it is 
not a property of granule ferromagnetic material but rather is due to the granularity of the 
composite. 

iii) We suppose that aforementioned effect is related to the appearance (with tempera- 
ture lowering) of possibility of granules spontaneous magnetostriction and its reorientation 
at granules magnetic moments rotation by an external magnetic field. Here the easy axis of 
resulting anisotropy corresponds to that of the applied field regardless its direction in a film 
plane, both along previous easy and hard directions. Such possibility appears due to gran- 
ules release from Si02 matrix clamping at temperature lowering, which is the consequence 
of different thermal expansion coefficients of glassy matrix and metallic granules. FMR 
data prove the substantial magnetoelastic influence on intraplanar anisotropy in the above 
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material, which is quahtative argument in favor of above interpretation of the phenomenon. 

Thus, despite the fact, that magnetoelastic effects in granular nanocomposites are much 
weaker then in a bulk ferromagnet^, here we observe the situation, when composite granular- 
ity generates anomalous manifestations of films magnetoelasticity at low temperatures. We 
do not know any previous description of the above effect in the literature. That is why we 
are unable to make any conclusions about "general nature" of observed effect. At the same 
time, we have no reasons to speak about its "uniqueness" related to "subtleties" of above 
samples fabrication technology. In our opinion, the broadening of range of low-temperature 
magnetostatic and magnetoresonant studies of granular composites with different thermal 
expansion coefficients of matrix and granules materials would permit to give an answer to 
the above questions. 
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